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INTRODUCTION
There is presently a great interest in layered double hydroxide materials due to their well-known industrial applications as catalysts and catalyst supports [1] [2] [3] , adsorbents 4 , anion exchangers 5 , flame retardants 6 , polymer stabilizers 7 and antacids 8 . Attention to these materials is growing because of many new emerging applications, such as in thin films 9 , conducting materials 10 , corrosion protectors 11 , electrodes 12 and as hosts for the controlled release of chemicals 13, 14 . Layered double hydroxides can be represented by the general formula: [M The most common natural LDH is the Mg-Al hydrotalcite whose structure is based on that of brucite, [Mg(OH) 2 ], where Mg 2+ is octahedrally coordinated to six hydroxyl groups. In brucite the octahedra share edges to form bidimensional layers stacked one on top of the other which are held together by weak interactions through hydrogen atoms 15 . When some of these Mg 2+ ions are replaced by cations of higher charge, as occurs in the Mg-Al compound by the introduction of Al 3+ , positive charge is formed in the brucite-like layers. This positive charge is neutralized by compensating anions in the interlamellar region and, in this manner, the hydrotalcite structure is formed. Some water molecules are also found in the interlamellar region. Commonly, cations in octahedral coordination occupy random positions in the brucite-like layers 16 . The anion and the water molecules are randomly located in the interlayer region and are labile, being free to move by breaking bonds to the layers and forming new ones 17 .
Even though literature on LDH materials is abundant 18 , thermodynamic studies are limited. This fact may be explained by the lack of necessary thermodynamic data and the great amount of experimental work needed to cover the wide range of compositional variations of LDHs. Tools for the estimation of the thermodynamic properties of LDHs in the literature are scarce. Recently, Allada et al. 19 2 ] x+ (A n-) x/n LDHs 20 . We also found good agreement between estimated thermodynamic quantities and published experimental results on LDH solubility and the synthesis of LDHs by hydrothermal-reconstruction and coprecipitation methods.
On the basis of the LDH structure, we present in this study new mixture models for the estimation of thermodynamic properties of LDHs. A thermodynamic study of the anion exchange properties of LDH compounds, using the different mixture models, is also given.
SINGLE MODELS
The general idea in a mixture model for a LDH is basically treating the LDH as a mixture of structurally similar simple compounds. If we consider one of the layer-upon-layer arrangements of brucite-like layers, for example, when an anion (A) is in a trigonal prismatic environment 21 of OH groups for a dehydrated phase, as seen in Figure 1, 3 and M n 3+ (A n-) 3 where n = 1, 2 After a molar balance of the constituting compounds and the final LDH, the following equations are obtained for the different models.
Model 0 [f 0 (LDH)]:
Model 2 is similar to the mixture model proposed by Allada et al.
19
.
Equations 1, 2, 3 and 4 can be used for the calculations of thermodynamic properties of LDH compounds. As an example, standard Gibbs free energies of formation of LDHs are calculated. Model 0:
Model 3:
Examples of standard Gibbs free energies of formation for typical LDHs, using models 0, 1, 2 and 3, are shown in Other entries in Table 1 are calculated in a similar fashion. The standard Gibbs free energies of formation for all the compounds were gathered from different well-known compilations of thermodynamic data: Naumov et al. 22 , Karapet'yants et al. 23 and Perry et al. 24 . Formulas for the standard enthalpies of formation can also be derived. These formulas are similar to Equations 5, 6, 7 and 8. Examples of the calculations for the standard enthalpies of formation for some LDHs are given in The required standard enthalpies of formation for the compounds used in model 2 were taken from Allada et al. 19 . Additional thermodynamic data were gathered from well-known compilations [22] [23] [24] .
GENERAL MODEL
As seen from Table 1 , all of the single models give similar results; however, the selection of just one model for the estimation of LDH thermodynamic properties would require proofs at an atomistic level. Several works of molecular dynamic modeling of LDHs have been carried out recently [25] [26] [27] [28] [29] . Although these molecular modeling studies may be useful when choosing among the single models, this approach would be only applicable to specific cases. Again, numerous studies would be necessary to cover all the possible combinations of cations, anions and the range of different compositions and even some of the structural differences among LDHs. Considering all these factors, a general model involving all of the single models is developed.
Starting from a LDH with the formula:
x/n , the number of cations (NC i , where i refers to the model number) that may interact with A n-are:
And if I i is an interaction parameter (i.e. bond strength) between the cation (H + , M 2+ or M 3+ ) and the anion (A n-), a general model is given by:
Where p 0 might be thought as the probability of having interlayer anions that do not interact with the cations in the LDH layers. On the other hand, p 1 is the probability of having interlayer anions interacting with the cations in the LDH layers. Therefore, p 0 + p 1 = 1. And w is a weighing factor:
As a first approach to the simplification of this model, it is assumed that p 0 = p 1 and also that the interaction between the cations in the layers and the anions in the interlayers has the same magnitude. Then, I 1 = I 2 = I 3 , and w 1 = 2/3, w 2 = (1-x)/3 and w 3 = x/3. The standard Gibbs free energy of formation of LDHs as calculated by the general model is:
Results of standard Gibbs free energies of formation for typical LDHs using the general model are shown in the last column of 
The point about the general model is that it gives values for the thermodynamic properties of formation, which better represents the intrinsic stability of the hydrotalcites, as they take into account all the possible interactions of the interlayer anion and also do not depend on the use of an arbitrary starting material. Nevertheless, the quantities from the general model are weighed averages of the other models and the values are close to those given by the individual calculations.
ANION EXCHANGE PROPERTIES OF LDH COMPOUNDS
A general reaction for the anion exchange of LDH compounds is as follows:
If model 1 is used, then Equation 2 is replaced in Equation 12 to give:
Adding xOH -to both sides of Equation 13 and rearranging terms, the standard Gibbs free energy change of anion exchange, ∆ AE G m o {T, LDH -A/B}, is given by: The terms in square brackets represent an anion contribution in the LDHs for model 1,
The expression for ∆ CM1 G m o {T, LDH -B} is similar to Equation 15 , where A n-is substituted by B m-and n by p. Finally, 
Where,
and
where,
The Gibbs free energy of anion exchange for the general model is:
where
{LDH -B} have the following form:
Calculations of standard Gibbs free energy anion contribution terms for models 1, 2 and 3 are made by Equations 15, 18 and 20, respectively. For instance, the standard Gibbs free energy anion contribution term for the [Cu Other results for models 1, 2 and 3 are calculated in a similar manner. They are shown in Tables 3, 4 and 5, respectively. The thermodynamic data of the compounds were taken from the compilations already mentioned [22] [23] [24] . Examples of standard Gibbs free energies of anion exchange for some LDHs, calculated for the different models, are shown in Table  6. Calculations were made using Equations 16, 17, 19 and 22, and  data from Tables 3, 4 Other results shown in Table 6 are calculated in a similar manner.
DISCUSSION

LDH thermodynamic properties of formation
Results of the standard Gibbs free energies of formation for typical LDHs, calculated by the single and the general models, are shown in Table 1 . It can be seen that similar results are obtained for all the single models. The general model results from the weighed combination of the single models. Therefore, the standard Gibbs free energies of formation as calculated by the general model are expected to be close to the values predicted by the single models. From the Mg-Al, Ni-Al and Zn-Al LDH examples in Table 1 , deviations of the thermodynamic quantities obtained by the single models 0, 1, and 2 from the general model can be as large as 12 kJ mol -1 for -contributions should be null. This is a direct result of the utilization of models based on the mixture of metal hydroxides. Results of standard Gibbs free energy change of the anion exchange for several LDHs, as calculated by all the mixture models, are given in Table 6 . If we take into account that the larger the negative value of the free energy the more probable the anion exchange, then anion selectivities can be easily obtained. So far, very few papers have been published dealing with detailed thermodynamic studies of the anion exchange for LDHs. ) for the general model. From the anion exchange free energy results for the Zn-Al LDH, model 2 and the general model seem to work better than the other models. In general terms, all models predict a small standard Gibbs free energy change of anion exchange for the LDHs. This result conforms with published data for LDHs 34 and anion styrenic resins Table 6 , the chloride LDH is taken as the basis for the thermodynamic calculations for the ease of comparison of the free energy changes of the LDH anion exchange. Nevertheless, the final order predicted for the selectivity would be the same regardless of the LDH taken as the basis for the calculations. In this case, model 1 seems to agree better with the experimental results than the other models. We should not forget that the real anion exchange phenomenon involves several other variables that influence the anion exchange selectivity and are not considered in this thermodynamic study. Some of these variables include the water content and base strength of the LDH, the concentration, size and charge of the counterions and the nature of the solvent [37] [38] [39] . Aditionally, the anion exchange selectivity predictions are based on the reference states of 298. 15 Table 6 , are considered, we may say that Bish's assumption of OH -~ Cl -is not correct, and the OH -correct order should be the one predicted by the models OH -> NO 3 -> Cl -. In the thermodynamic study of the synthesis of LDH from metal oxides by hydrothermal-reconstruction (H-R) methods, we recently found that the anion contribution term for model 2 can be used to predict the order of selectivity for anion LDH reconstruction 
CONCLUSION
In this work, four new single mixture models and one general model for the estimation of thermodynamic properties of LDHs are presented. The single models 0, 1, 2 and 3 give similar results when predicting standard Gibbs free energies of formation for LDHs. However, model 2 and the general model agree the best with reported experimental values. For the calculation of enthalpies of formation for LDHs, models 0 and 2 conform quite well with published data. The utilization of these models can contribute to a better understanding of the synthesis and physicochemical properties of LDH materials which are of interest not only in academic research, but also in technological applications.
In spite of the scarcity of anion exchange data for LDHs, some agreement is found between experimental and predicted thermodynamic quantities obtained using the models. Although anion exchange selectivity depends on a diverse number of factors and the actual order of preference can be only accurately determined by experimentation 39 , the results presented in this work may be of great use when experimental results are not available. Likewise, results in Tables 3, 4 and 5 are intended to serve only as a guide for prediction of anion exchange selectivity for LDHs. A quantitative thermodynamic analysis of the anion exchange on LDHs is expected to be difficult because the error range of the predictions by the mixture models can be of the same order of magnitude of the thermodynamic quantities in the anion exchange. However, good quantitative agreement is found for the standard free energy change of anion exchange for a Zn-Al LDH. More experimental results are required in order to select the best mixture model. So far, model 2 and the general model seem to give the best results. Model 2 has the advantage of simplicity, requiring less thermodynamic information than the general model, but the general model has the attractiveness of being less arbitrary and averaging more information, when available.
Anion exchange selectivities for LDHs are found to be related to anion sorption order of preference for mixed metal oxides derived or related to LDHs. This result is shown by comparison of the standard Gibbs free energy anion contribution term in both processes.
The order of anion preference shown by the LDHs might be useful for the selection of precursors for the synthesis of new LDH materials by anion exchange methods 42 . 3 -interlayer anions in Mg-Al LDHs are also thermodynamically favored to be exchanged for other anions.
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